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(57) ABSTRACT

A sensor has a substrate in which a mechanically deformable
arca 1s formed. A first magnetostrictive multilayer sensor
clement and a second magnetostrictive multilayer sensor ele-
ment are formed in the mechanically deformable area,
wherein the first magnetostrictive multilayer sensor element
and the second magnetostrictive multilayer sensor element
are connected to each other and implemented such that when
generating a mechanical deformation of the mechanically
deformable area, the electric resistance of the first magneto-
strictive multilayer sensor element changes in an opposite
way to the electric resistance of the second magnetostrictive
multilayer sensor element, or the electric resistance of the first
magnetostrictive multilayer sensor element remains
unchanged.
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MAGNETOSTRICTIVE MULTILAYER
SENSOR AND METHOD FOR PRODUCING A
SENSOR

RELATED APPLICATION

This application 1s a continuation of International Appli-
cation No. PCT/EP2005/007262 filed Jul. 5, 2003, which
designates the United States, and claims priority to German
application number DE 10 2004 032 484 .0 filed Jul. 5, 2004.

TECHNICAL FIELD

The present invention relates to magnetostrictive multi-
layer sensors for detecting mechanical deformation.

BACKGROUND

Nowadays, magnetostrictive multilayer systems, such as
spin-valve systems, are used in a plurality of applications.
One field of application that has increased in importance
recently comprises the usage of magnetostrictive GMR/TMR
resistor structures as pressure sensors.

Pressure sensors operate generally according to the prin-
ciple of detlection of moveable membranes or other moveable
clements, by pressure impact, wherein the membrane detlec-
tion represents a measure for the applied pressure. Thereby,
the membranes of the pressure sensors can be realized in
silicon technology via bulk micromechanic (BMM) or 1n
surface micromechanic (SMM). Pressure sensors in surface
micromechanic measure, for example, a change of capaci-
tance between membrane and substrate against electrode
induced by the membrane deflection. Thereby, the capaci-
tance swings are so small, that significant effort has to be
made 1n signal processing, which results 1n an increased chip
area. Further, the increased signal processing clfort leads to
additional cost increase of production, since additional effort
1s required for realizing the corresponding circuits.

In pressure sensors i BMM technology, membrane
deflection is detected via the piezoresistive effect, wherein the
expansion of the membrane 1s evaluated via expansion-in-
duced change of resistance, for example at certain doped
areas. However, the so-called gauge factor, which corre-
sponds to quotients dR/R/expansion, 1.e., which 1s a measure
for sensitivity, 1s only small for silicon with about 40, which
results 1n a reduced signal noise ratio.

Due to 1ts higher gauge factor, which can be up to about 600
for a TMR structure, the approach of GMR/TMR resistor
structures promises in comparison to the piezoresistive effect,
improved sensitivity, higher signal/noise ratio as well as pres-
sure measurement with increased resolution.

However, in many applications it1s required to connect two
or more such sensor elements to a bridge arrangement, for
example a Wheatstone bridge, to obtain a signal indicating the
generated expansion or the applied pressure, respectively.

Normally, for realizing a sensor bridge, a full bridge 1s
used, wherein the signal, 1.e. a change of resistance, 1s oppo-
sitely rectified in both branches. Normally, this i1s obtained by
oppositely magnetizing the reference layer, which requires
additional effort, for example by requiring meandering con-
ductive trace foil. The additional effort also increases the
production cost of the sensors, where 1t would be desirable to
provide a sensor with lower production cost, due to the
numerous applications for which pressure sensors are suit-
able, and due to the fierce competition.

General basics of multilayer sensors can be found in the
references Lohndort et al “Highly sensitive strain sensors on
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magnetic tunneling junctions™, Appl. Phys. Lett., Vol. 81, pp.
313-3135, Lohndort et. al. Strain sensors based on magneto-

strictive GMR/TMR structures”™, IEEE Trans. Magn, Vol. 28,
pp. 2826-2828, September 2002, Ludwig et al, “Adapting
GMR sensors for integrated dewces , Sensors and Actuators

A, 106, pp. 15-18, 2003.

SUMMARY

According to an embodiment, a sensor may comprise: a
substrate; a mechanically deformable area formed 1n the sub-
strate; and a first magnetostrictive multilayer sensor element
and a second magnetostrictive multilayer sensor element,
cach arranged at least partly 1n the mechanically deformable
area, wherein the first magnetostrictive multilayer sensor ele-
ment and the second magnetostrictive multilayer sensor ele-
ment are connected to each other and implemented such that
when generating a mechanical deformation of the mechani-
cally deformable area, the electric resistance of the first mag-
netostrictive multilayer sensor element changes in opposition
to the electric resistance of the second magnetostrictive mul-
tilayer sensor element, or the electric resistance of the first
magnetostrictive  multilayer sensor element remains
unchanged, wherein the first and second magnetostrictive
multilayer sensor elements are spin-valve sensor elements
and a magnetization of the magnetically hard layer of the first
sensor element and the second sensor element have the same
direction.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of the present inven-
tion will become clear from the following description taken in
conjunction with the accompanying drawings, 1n which:

FIG. 1 1s a schematic perspective cross-sectional illustra-
tion of a membrane according to an embodiment;

FIG. 2a 1s a top view on a sensor according to an embodi-
ment,

FIG. 2b 15 a circuit diagram of the sensor 1llustrated in FI1G.
2a;

FIG. 3a 1s a schematic top view of a sensor according to a
further embodiment;

FIG. 3b1s a circuit diagram of the sensor according to FIG.
3a;

FIG. 4 1s a schematic cross-sectional 1llustration of a sensor
according to an embodiment;

FIG. 5 1s a schematic cross-sectional illustration of a sensor
according to a further embodiment;

FIG. 6a 1s a schematic top view on a sensor according to a
further embodiment;

FIG. 65 1s a schematic top view on the sensor according to
FIG. 6a during pressurization; and

FIG. 7 1s a schematic top view on a sensor according to a
further embodiment.

DETAILED DESCRIPTION

According to another embodiment, a method for producing
a sensor may have the steps of: generating a mechanically
deformable area in a substrate; generating a first magneto-
strictive multilayer sensor element and a second magneto-
strictive multilayer sensor element, each at least partly 1n the
mechanically deformable area, wherein the same are 1mple-
mented such that when generating a mechanical deformation
ol the of the mechanmically deformable area, the electric resis-
tance of the first magnetostrictive multilayer sensor element
changes 1n opposition to the electric resistance of the second
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magnetostrictive multilayer sensor element, or the electric
resistance of the first magnetostrictive multilayer sensor ele-
ment remains unchanged, wherein the first and second mag-
netostrictive multilayer sensor elements are spin-valve sensor
clements and a magnetization of the magnetically hard layer
ol the first sensor element and the second sensor element have
the same direction; and connecting the first magnetostrictive
multilayer sensor element and the second magnetostrictive
multilayer sensor element.

The present invention 1s based on the knowledge that 1t 1s
possible to obtain an output signal having improved charac-
teristics 1n a simple and cost effective way by a simple
arrangement of magnetostrictive multilayer sensor elements
for detecting a deformation of a mechanically deformable
area under consideration of the expansion directions imparted
to the elements and by connecting the sensor elements.
Thereby, the arrangement of the sensor elements 1s merely
determined based on a deformation occurring at the location
of the sensors when using the sensor, particularly a direction
of the deformation, 1.e. a characteristic of the deformable area
at the location of the sensors, as well as the magnetization of
the sensor elements.

Generally, a magnetostrictive multilayer sensor element
means a sensor element consisting of at least two magnetic
layers arranged on top of each other, and shows a magneto-
strictive effect, 1.e. a change of the resistor by positive expan-
s10n or negative expansion (striction). In some embodiments,
such sensor elements can comprise, for example, GMR struc-
tures (giant magneto resistance) or TMR structures (tunnel-
ing magneto resistance). Particularly in some embodiments,
so-called spin-valve structures are suitable as GMR/TMR
clements, which consist of two magnetic layers, which are
separated from each other by a non-magnetic layer. Thereby,
the layer resistance of the structure depends on the relative
angle between the magnetization directions of the two mag-
netic layers. One of the magnetic layers, which 1s referred to
as magnetically hard layer or reference layer, 1s fixed with
regard to magnetization, 1.e. pinned, while the other magnetic
layer, which 1s referred to as magnetically soit layer or mea-
surement layer, respectively, can rotate its magnetization
direction by an external magnetic field and/or stress/expan-
s10n, which correlates with a change of the layer resistance. It
both magnetizations are parallel, the layer resistance 1s mini-
mum, while the layer resistance 1s maximum 1n an antiparallel
alignment. The resistor 1s proportional to cos (®), wherein ©
1s the angle between both magnetizations. At room tempera-
ture, the resistance swing of parallel to antiparallel configu-
ration covers typically approximately 10% for GMR systems
and approximately 50% of the basic resistor for TMR sys-
tems.

The usage of these sensor elements for detecting mechani-
cal deformation may require that at least a partial area of the
respective sensor elements 1s arranged 1 an area of the
mechanically deformable area to be detected. According to an
embodiment, the arrangement on the deformable area 1s cho-
sen corresponding to the respective usage of the sensor ele-
ments, for example whether the sensor elements are to be
arranged 1n a full bridge or a half bridge, as will be discussed
in more detail below.

According to an embodiment, the sensor elements can be
implemented as CIP elements (current in plane elements),
where the current runs in parallel to the layer planes, or as
CPP elements (current perpendicular to plane elements),
where the current flows perpendicular to the layer plane.

According to an embodiment, it can be particularly advan-
tageous when the magnetizations of the magnetically soft
layer or the magnetically hard layer of all sensor elements
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have a common predetermined direction, so that the magne-
tization of all sensor elements 1s possible with a single method
step. Thereby, production cost can be reduced, which 1s par-
ticularly advantageous with regard to mass production of
such sensors to be expected in future. According to an
embodiment, 1t can be particularly advantageous to provide
the same magnetization for all sensor elements, 1.e. that all
sensor elements have magnetization of the magnetically soft
layer 1n a single predetermined direction, and the magnetiza-
tions of the magnetically hard layers point to a second prede-
termined direction for the respective sensor elements.

According to an embodiment, depending on the usage and
other requirements, different arrangements and connections
can be chosen, to thereby obtain a detector with improved
characteristics of the output signal by appropriately tapping a
detector signal.

More precisely, in one embodiment, a first magnetostric-
tive multilayer sensor element and a second magnetostrictive
multilayer sensor element are arranged such that when gen-
crating a mechanical deformation of the mechanically
deformable area, the electric resistance of the first sensor
element remains unaltered, while the electric resistance of the
second sensor element changes. The embodiment, where a
sensor element 1s arranged such that no change of the resis-
tance with a deformation results, has the advantage that the
same can be used as reference resistor, which 1s subject to the
same conditions as a measurement resistor, 1.e. the same
pressure provisions and the same environmental conditions,
for example same temperature. Thereby, a driit of the detec-
tor, which can, for example, be caused by varying tempera-
ture or varying mechanical load of the measurement and
reference resistors, can be compensated 1n a simple way with-
out additional circuit etfort.

For example, for realizing a half bridge, 1t 1s required to
arrange four single elements such that two elements increase
or decrease their resistance 1n a deformation or pressure pro-
vision, respectively, 1.e. act as measurement resistors, and two
resistors remain constant, 1.e. act as reference resistors. Since
the sensor elements acting as reference resistor do not change
the electric resistance 1n this embodiment, although the same
are subject to the measurement load, 1.e. for example the
expansion of a deformable area, 1t can be eflected that the
reference resistors are subject to the same conditions as the
measurement resistors. Thereby, a half bridge can be realized,
where all four participating resistors experience the same
expansion during operation, wherein, however, merely two
change their resistance.

The expansions occurring during operation represent a
material load, particularly for the TMR structures having an
Al,0, tunnel barrier 1n the range of several nm, which can
cause a drift in the basic resistance over time. By the above-
described arrangement, where one or several reference resis-
tors remain constant 1n an expansion, 1t 1s allowed that all
participating resistors, 1.e. measurement resistors and refer-
ence resistors, experience the same expansion during opera-
tion, so that long-time drifts of the basic resistors due to
maternal fatigue can be absorbed.

According to an embodiment, the above-described
arrangement can be effected by a certain alignment of the
magnetizations of the hard and soft layers with regard to the
expansion directions transmitted from the membrane to the
clements, which 1s adjustable via processing. According to an
embodiment, for obtaining a sensor element, where no
changes of the resistor occur, 1t 1s required that the magneti-
zation of the magnetically soft layer 1s parallel to the expan-
sion direction at the location of the sensor element, since the
parallel alignment of the magnetization of the magnetically
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soit layer 1n parallel to the expansion direction 1s energeti-
cally most favorable for materials with positive magnetostric-
tive constants.

The magnetization of the soft layer 1s preferably oriented
identically for all individual elements, which 1s automatically
ensured 1n a described embodiment by the parallel alignment
of the magnetically soft and magnetically hard layer with the
magnetization process of the hard reference layer, e.g. by
combining with an existing paramagnetic Neel coupling. In
such an embodiment with parallel magnetizations of the mag-
netically hard and soit layers for all sensor elements, both
magnetizations for the measurement resistors are preferably
perpendicular, or for the reference resistors 1n parallel to the
expansion directions at the location of the sensors. This can be
particularly advantageous 1n a rectangular, preferably square
implementation of the mechanically deformable area, since
by a simple arrangement on the sides of the mechanically
deformable area the above-mentioned advantage of simulta-
neous magnetization of all sensor elements, 1.e. both the
measurement and the reference sensor elements, becomes
possible, wherein the magnetization of the magnetically soft
layer of the measurement resistors i1s perpendicular to the
expansion direction, as long as the measurement resistors and
the reference resistors are arranged at adjacent sides, 1.e.
perpendicular edges. According to an embodiment, by the
magnetic alignment of the soit and hard layer in parallel to
cach other, combined with a perpendicular configuration with
regard to the expansion directions for the measurement resis-
tors and a parallel configuration for the reference resistors, a
maximum possible signal swing 1s enabled for a half bridge,
wherein no locally different magnetization directions of the
hard and soit layer are required. According to an embodi-
ment, 1n this arrangement, the dependence of the deformation
1s used, which has the effect that the expansion directions at
the edges of the rectangular deformable area are perpendicu-
lar to the edges.

Thus, 1n this embodiment, compared to a perpendicular
orientation of the magnetically soft and hard layers, as 1s
required, for example, 1n a full bridge, saving a terminating,
magnetization step for clear alignment of the magnetically
solt sensor layer can be obtained. All individual elements can
be magnetized 1n a step on water level, which 1s advantageous
for process control as well as process cost.

In a further embodiment, the first sensor element and the
second sensor element are arranged such that the first sensor
clement changes its resistance in opposition to the second
sensor element, when the mechanically deformable area 1s
deformed by external application of force or pressure.

This allows that the sensor elements can be connected 1n a
tull bridge, where for example two elements are arranged
respectively i two branches, which change their resistance in
opposition. By tapping a voltage signal between the sensor
clements changing 1n opposition, within one branch, it 1s
possible to provide a sensor signal with high sensitivity.

In one embodiment of a spin-valve sensor, the magnetiza-
tions of the sensor elements are such that the hard layer 1s
magnetized below 45° or 135° with regard to the expansion
directions, and the magnetization of the soit layer 1s oriented
perpendicular to the hard layer. Thereby, again, cost-effective
production results, since all individual elements can be mag-
netized 1n one step on waler level, which has an advantageous
elfect on process control and process cost.

In one embodiment, it 1s intended that the magnetization
direction of the magnetically soft layer, 1.e. the measurement
layer, has an angle 01 45° to the magnetization of the reference
layer, 1.e. the magnetically hard layer. Thereby, the magneti-
zation of the hard layer 1s preferably adjusted such that 1t 1s
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parallel or antiparallel to the expansion direction, so that the
magnetization of the soft layer has an angle o1 45° with regard
to the expansion direction.

Further, 1n this embodiment, 1t 1s also possible that the
magnetizations of all sensor elements point in the same direc-
tion, 1.e. that all sensor elements have a magnetization of the
magnetically soft layer 1n a single predetermined direction,
and the magnetizations of the magnetically hard layers point
in a second predetermined direction for the respective sensor
clements.

It 1s the advantage of this embodiment that a deliberate
connection of four nominally equal resistors to one bridge,
1.e. a Wheatstone bridge, can obtain all known advantages,
such as a compensation of offset drifts, whereby by arranging
the magnetizations of the magnetically hard and magnetically
soit layers below an angle of 45° 1t 1s obtained that a charac-
teristic curve of the bridge signal across the voltage or the
pressure, 1s symmetrical to the operating point, i1.e. has a
desired linearity of the characteristic curve.

Generally, without mechanic deformation of mechanically
deformable area, the magnetization of the magnetically hard

layer and the magnetization of the magnetically soit layer of
the first sensor element and the second sensor element can be

adjusted such that they have an angle of 0°, 45°, 90° or 135°
or any intermediate angles between the above values.

Also, an angle between the expansion direction and the
magnetization of the magnetically hard layer of the first sen-

sor element and the second sensor element can be adjusted
such that they have an angle of 0°, 45°, 90°, 135° or 180° or

any intermediate angles between the above values.

Further, without mechanical deformation of the mechani-
cally deformable area, an angle between the expansion direc-

tion and the magnetization of the magnetically soit layer of
the first sensor element and the second sensor element can be

adjusted such that they have an angle of 0°, 45°, 90° or 135°
or any intermediate angles between the above values.

According to different embodiment, the implementation of
the sensor elements can have a plurality of forms and 1mple-
mentations, depending on application and implementation of
the mechanically deformable area. For example, in circular
membranes, the resistors can be implemented 1n the form of
circular segments, and can be connected correspondingly.
This has the advantage of simple production and optimum
usage of the available area of the membrane.

Above that, the unidirectional alignment of the reference
resistors has the advantage that the sensor is relatively insen-
sitive against small external magnetic fields, since the same
would influence the magnetization 1n all bridge elements in
the same way. Due to the equal alignment of the reference
layer of all elements of the bridge, the influence on the bridge
signal 1s mimmized.

According to an embodiment, the resistors can be prefer-
ably arranged at the locations of maximum deformation, to
obtain a sensor signal that 1s as high as possible, with a low
noise signal. For example, when using the sensor as a pressure
sensor, these locations are arranged with a membrane at the
edges of the membrane.

Further, 1n one embodiment, it 1s possible that one or sev-
eral sensor elements have a distance from a center or symme-
try point of the mechanically deformable area, which 1s lower
than the distance of one or several other sensor elements.

This arrangement of the sensor elements 1n different dis-
tances from a center or symmetry point of the mechanically
deformable area allows that the sensor elements have ditter-

ent characteristic curves with regard to the signals across the
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force or pressure, respectively, applied to the deformable
area. This can, for example, be used to increase an operating
range of the sensor.

In one embodiment, bridge elements can be arranged at
different radi1 of the membrane, which are differently bent,
1.e. have a different tensile stress with the same pressure.
Since the sensor elements lying further towards the inside
experience a lower expansion, the same can further provide a
contribution to the signal with large pressures.

Thereby, numerous possibilities for realizing a sensor with
improved operating range result.

According to different embodiments, for example, 1n areas
with high expansion, sensor elements of a first bridge can be
arranged, while 1n areas with low expansion, for example
closer to a symmetry point, further sensor elements of a
second bridge can be arranged, each experiencing lower
expansions with the same pressure on the deformable area.

Above that, according to some embodiments, sensor ele-
ments can be connected at different locations of an expansion,
for example by serially connecting to a single overall sensor
clement, which has an extended operating range. Also, 1t 1s
possible to arrange the sensor elements of a single bridge at
areas of different expansion. If, for example, a sensor element
at a location with high expansion and a sensor element at a
location with low expansion are connected in one bridge
branch, with low pressures, merely the sensor element at the
location with high expansion experiences a change of resis-
tance, while the sensor element at the location with low
expansion only experiences a very low change of resistance,
and thus actually acts as reference element. With average
pressures, both sensor elements change their resistance,
wherein, with increasing pressure, the one sensor element at
the location with high expansion 1s saturated, so that, with
high pressures, the sensor element at the location with high
expansion experiences no change of resistance due to the
saturation, and thus actually acts as reference resistor. Thus,
by appropriate arrangement, 1t 1s possible to moditly the out-
put characteristic line, to compensate, for example, for non-
linearities.

Another advantage of the above-mentioned arrangement of
sensor elements at locations with different expansions 1s that
the additional sensor elements can be used as test elements,
for testing the function of the sensor elements at locations
with high expansion.

According to some embodiments, the arrangement of sen-
sor elements at locations with different expansions can be
realized both for the above-described half bridge and the full
bridge. Generally, the arrangement at locations with different
expansions can be performed for any type ol magnetostrictive
sensor elements. For example, any bridge arrangement with
any magnetization of a magnetically hard and magnetically
soit layer can be realized additionally in a low distance to the
center, so that basically a corresponding realization at loca-
tions with different expansions 1s possible for any possible
magnetostrictive sensor arrangement.

With retference to FIGS. 1 to 7, different embodiments of
the present invention will be discussed below. The same ret-
erence numbers 1n the respective figures designate similar
clements of the different embodiments.

FIG. 1a shows the basic operating mode of a pressure
sensor according to an embodiment. In a substrate 100, a
thinly formed membrane 102 1s implemented as mechani-
cally deformable area, wherein the membrane has either a
thinned integral portion of the substrate 100, for example an
oxide layer, mitride layer or the same, wherein the substrate
had been exposed from the back by etching, or an additionally
deposited layer, which comprises, for example, silicon oxide,
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s1licon nitride or polysilicon. The exposition of the membrane
can also be performed from the front, wherein methods for the
above-described processes are known and will not be dis-
cussed here 1n more detail. The substrate can comprise a
semiconductor substrate, for example a silicon chip.

Force or pressure, respectively, 1s applied to the membrane
102, for example from the front side, and this causes detlec-
tion of the membrane. The stress curve results such that in the
area of the membrane edges, which are designated by refer-
ence number A in FIG. 15, tensile stresses occur on the top
side, while compressive stresses occur in the center of the
membrane, which 1s designated by reference number B. On
the bottom side of the membrane, corresponding stresses with
iverse signs occur. The stress maximum occurs at the mem-
brane edges A, so that 1t 1s suitable and obvious to place the
expansion-sensitive devices, whose signal can be used for
measuring the pressure, are placed 1n the range of highest
expansion, 1.e. at the edge of the membrane, as indicated 1n
FIG. 1¢, for a sensor, for example, a pressure sensor.

Generally, the stress distribution of a membrane depends
on the form of the same, wherein, however, 1in the above-
mentioned membrane, a stress distribution 1s obtained, which
1s approximately running in a radial way, 1.e. perpendicular to
the edges of the membrane.

Now, FIG. 24 shows an embodiment, where four sensor
clements 104a, 1045, 104¢ and 1044 are each arranged on the
edge of the membrane 102, 1.e. at the locations of a largest
expansion. The sensor elements 104a-d are implemented as
magnetostrictive multilayer sensor elements, and can, for
example, comprise GMR or TMR sensor elements, which
have a spin-valve arrangement with a magnetically hard layer
and a magnetically soft layer. The sensor elements are 1imple-
mented longitudinally, wherein a longitudinal axis of the
sensor elements 1s in parallel to the sides of the membrane
102, which 1s substantially implemented in a square way.

In this embodiment, the magnetizations are such that the
magnetically hard layer 1s aligned 1n parallel to the longitu-
dinal axis of the sensor elements 10456 and 1044, which act as
measurement resistors, as will be discussed in more detail
below. The alignment of the magnetizations can be obtained
by a temper process under a magnetic field, wherein basically
any angle can be adjusted in the plane.

The magnetically soft layer of the individual sensor ele-
ments 104a-d has a magnetic anisotropy, which 1s aligned in
parallel to the magnetization direction of the hard layer,
which can be adjusted, for example, by the growth conditions.

When applying an external pressure, the strips are
expanded perpendicular to their longitudinal axis 1n an expan-
sion direction 110. The sensor elements 104a-d can have
magnetostrictive materials either with positive magnetostric-
tion constant or negative magnetostriction constant.

In the case of magnetostrictive material with positive mag-
netostriction constant, a growing magnetic anisotropy 1s gen-
crated with 1ncreasing expansion in expansion direction. For
energetic reasons, this leads to a rotation of polarization of the
magnetically soft layer, as indicated 1n FIG. 2a by arrows with
the reference number 112, 1n the sensor elements 104a and
1044 acting as measurement resistors. Thereby, the resistance
1s 1increased 1n the sensor elements 1045 and 1044, since the
magnetization 108 of the magnetically soit layer 1s rotated
away from the parallel alignment with the magnetization 106
of the magnetically hard layer, i1.e. the magnetizations
become more antiparallel. In the sensor elements 104a and
104¢ acting as reference resistors, the anisotropy generated
by expansion 1s 1dentical to the intrinsic anisotropy, so that
every rotation of polarization of the magnetically soft layer
from the original position would be energetically unfavor-
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able. Thus, the magnetizations of the magnetically soit layer
of the sensor elements 104a and 104¢ remain 1n their original
alignment, so that the same show no expansion dependence.

In other words, by generating the magnetization of the
magnetically soft layer of the sensor elements 104a and 104c¢
acting as reference resistors, it can be effected 1n this embodi-
ment that the same are subject to the same expansions as the
sensor elements 1045 and 1044, but without experiencing a
change of the electric resistance. Thereby, a change of the
characteristics of the sensor elements effected with increas-
ing lifespan of the sensor 1s generated due to a frequent
expansion and contraction both in the reference resistors
104a and 104¢ and 1n the measurement resistors 1045 and
104d. Both the reference resistors and the measurement resis-
tors have the same longtime driit, so that, for example, expen-
stve drift compensation circuits can be omitted and a cost
clfective sensor with high sensitivity can be realized.

FI1G. 2b shows a connection of the sensor elements 104a-d
shown 1n FIG. 2a. The sensor elements are connected to a
Wheatstone bridge, wherein one measurement resistor and
one reference resistor each are arranged in every branch of the
bridge. Thereby, the measurement resistors and the reference
resistors 1n both branches are oppositely arranged, so that the
measurement resistor of the first branch, 1.e. for example the
sensor element 1045, and the reference resistor of the second
branch, 1.e. for example the sensor element 104¢, are con-
nected to a first voltage node, while the reference resistor
104a of the first branch and the measurement resistor 1044 of
the second branch are connected to a second voltage node. A
voltage 1s tapped between the respective sensor elements of
one branch, which provides an output signal, which indicates
the pressure responsible for the deformation of the membrane
or the force acting on the membrane 102, respectively. Thus,
the connection to a half bridge, as shown 1n FI1G. 25, provides
an output voltage with low oifset and drift, wherein a maxi-
mum sensor signal of those sensor elements 1s obtained due to
the perpendicular alignment of the magnetically soft layer of
the sensor element 1045 and 1044d.

As has already been explained above, this embodiment has
the particular advantage that both the magnetization of the
magnetically soft layer and the magnetizations of the mag-
netically hard layer are the same for all sensor elements
104a-d, so that during production a simple magnetization 1s
possible 1n a single magnetization step. Thereby, as explained
above, a maximum output signal 1s obtained by the arrange-
ment of the magnetically soft layer perpendicular to the
expansion direction.

Now, with reference to FI1G. 34, a further embodiment will
be discussed. The embodiment 1llustrated 1n FIG. 3a differs
from the embodiment 1llustrated in FIG. 24 1n that the mag-
netizations of the magnetically soit layer and the magneti-
cally hard layer for each of the sensor elements are not par-
allel, but have an angle unequal 0°. In the embodiment shown
in FIG. 3q, the magnetizations of magnetically hard and mag-
netically soft layer 106 and 108 are perpendicular to each
other. Thereby, the magnetizations of the magnetically hard
layer of the sensor elements 104a and 1044 have an angle of
135° with regard to the expansion direction 110, while the
magnetizations 106 of the magnetically hard layer of the
sensor elements 1046 and 104¢ have an angle of 45° with
regard to the expansion direction 110. Further, due to the
perpendicular alignment of the magnetization of the magneti-
cally hard layer and the magnetically soft layer, the magne-
tizations 108 of the magnetically soit layer of the sensor
clements 104a and 1045 have an angle of 135° with regard to
the expansion direction 110, while the magnetizations of the
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magnetically sotit layer of the sensor elements 104¢ and 1044
have an angle of 45° with regard to the expansion direction
110.

Due to the above-mentioned arrangement, in the case of
magnetostrictive materials with positive magnetostriction in
expansion direction, a magnetic anisotropy 1s generated,
which grows with increasing expansion, which has the effect
that due to energetic reasons, the polarization of the soft layer
of the sensor elements 104a and 104¢ becomes increasingly
parallel, and thus experiences a decrease of resistance, while
the magnetizations of the sensor elements 1045 and 1044
become increasingly antiparallel due to the generated pres-
sure and thus experience an increase of resistance.

The particular advantage of this embodiment results from
the fact that a full bridge circuit 1s enabled, wherein all sensor
clements have both a magnetization of the magnetically hard
layer and a magnetization of the magnetically soit layer, each
in a predetermined direction. Thereby, 1n a production pro-
cess, the magnetization of the magnetically hard layer can be
generated for all sensor elements 1 a single step, and the
magnetization of the magnetically soft layer for all sensor
clements can be generated also 1n a single method step. The
arrangement of the magnetizations of the magnetically soft
and the magnetically hard layer perpendicular to each other
has the advantage that a high slope 1s obtained at 90° due to
the cosine-shaped dependence, so that the change of the resis-
tance 1s high due to a rotation of the magnetization of the
magnetically soft layer.

FIG. 35 shows a connection of the sensor shown in FIG. 34
into a full bridge. In a first branch, two resistors 104a and
10456 with opposite change of the electric resistance are
arranged, while 1n a second branch also two sensor elements
1044 and 104¢ with opposite change of the electric resistance
are arranged. The sensor elements are each oppositely
arranged 1n the respective branches, so that the sensor ele-
ments 1045, with increasing resistance of the first branch, and
the sensor element 104¢, with decreasing resistance of the
second branch, are each connected to a first voltage node,
while the sensor element 104a of the first branch with
decreasing resistance and the sensor element 1044 of the
second branch with increasing resistance are connected to a
second voltage node. Corresponding to the circuit configura-
tion shown 1n FIG. 25, a sensor signal 1s generated by tapping
a voltage signal between the sensor elements of the respective
branches.

With reference to FIGS. 4 and 5, embodiments of a real-
ization of the sensors shown in the figures will be discussed
below. More precisely, FIG. 4 shows a structure of a magne-
tostrictive pressure sensor 1n BMM silicon technology, while
FIG. 5§ shows a schematic structure ol a magnetostrictive
pressure sensor in SMM technology.

According to FIG. 4, the substrate 100 1s exposed from the
back, so that the deflectable membrane 102 i1s formed 1n a
predetermined area, which 1s defined by the exposed recess
on the back. As can be seen 1n FIG. 4, the membrane 102
comprises a thin layer 114 of semiconductor material of the
substrate, whereon a further thin insulation layer 116 1s
formed. The sensor elements 104, 1.e. the GMR/TMR resistor
structures are formed on the insulation layer, which are
arranged 1n the area of a maximum expansion. A further
passivation layer 118 1s deposited on the mnsulation layer 116,

which protects the sensor elements 104 from environmental
influences.

In the SMM structure shown 1n FIG. 3, a sacrificial layer
120 1s formed on the substrate 100, which has a recess 1n a
predetermined area, which defines the area of the membrane.
The sacrificial layer can be formed, for example, of silicon
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oxide, and can have a thickness of about 0.5 um. A membrane
layer 122 1s formed on the sacrificial layer 120 at the edges of
the same, which extends across the recess of the sacrificial
layer 120, so that a cavity 124 1s formed between the mem-
brane layer 122 and the substrate 100. The recess of the
sacrificial layer, which forms the cavity, can be generated by
local selective etching of the sacrificial layer. The membrane
layer 122 can be formed, for example, of polycrystalline
s1licon, and can have a thickness of about 0.5 to 1 um. A thin
insulation layer 126 1s deposited on the membrane, wherein
the GMR/TMR structures 104 are placed 1n the area of stron-
gest expansion. Further, an intermetal oxide layer 128 1is
deposited on the sacrificial layer 120, on which again a chip
passivation layer 130 1s formed. The mntermetal oxide layer
128 and the chip passivation layer 130 are etched away over
the sensor membrane 122, to allow sulficient movement of
the membrane. For protecting the sensor elements 104, the
sensor 1s coated with a passivation layer 132, which extends
across the whole structure on the full area.

With reference to FIGS. 6a and 65, a further embodiment
of a full bridge circuit will be explained below, where, 1n
contrary to the embodiment shown 1n FIGS. 3a and 35, the
magnetizations of the magnetically hard layer and the mag-
netizations of the magnetically soft layer for the respective
sensor elements 104a-d are not perpendicular to each other.
More precisely, in this embodiment, the magnetizations of the
magnetically hard layer and the magnetically soit layer have
an angle of 45°, which has the advantage that the resulting
characteristic curve of the signal across the stress or the
pressure, respectively, 1s linear and symmetrical to the oper-
ating point. In FI1G. 6a, as 1n FIG. 3q, the magnetization of the
reference layer 106 can be seen as thick arrows. Above that,
the axis of the easy magnetization or easy direction 1n the
measurement layer, respectively, can be seen as double
arrows, which corresponds to reference number 108 1n FIG.
3a. All turther reference numbers 101-104 can be seen from
FIG. 3.

FIG. 6a shows the sensor for the case without deformation
of the membrane 102, where 1t can be seen that the magneti-
zations ol the magnetically hard layer and the magnetically
soit layer have an angle 01 45°. Corresponding to the embodi-
ment shown with reference to FIG. 3a, all magnetizations of
the magnetically soit layer as well as of the magnetically hard
layer are generated 1n the same direction, whereby the already
explained advantages of a simplified production of the sensor
can be obtained, due to generating a magnetization for all
sensor elements. As has already been described above, this 1s
obtained 1n that the magnetically hard layer, 1.e. the reference
layer, 1s magnetized such that the magnetization of all sensor
clements points 1n the same direction. Different methods can
be used, for example an AAF-pinned AAF (AAF=Artificial
Anti-Ferromagnet) or a pinned individual layer. Obtaining,
magnetization of all sensor elements 1n the same direction can
be very easily obtained by applying a sufliciently large exter-
nal magnetic field, which can be performed, for example at an
increased temperature. Further, it 1s required that the prefer-
ential direction 1n the measurement layer 1s below an angle to
the magnetization of the reference layer, wherein an angle of
45° 15 to be preferred due to the above-mentioned advantages.

When a force acts on the membrane 102, the stress distri-
bution shown i FIG. 6b results 1n a radial way, 1.e. the
expansion directions are perpendicular to the sides of the
membrane 102 implemented in a square way. If a positive
sign of magnetostriction 1s selected for the measurement
layer, the magnetization will preferably rotate 1n the direction
of the tensile stress, 1.e. the angle between a magnetization of
the magnetically soft layer and the expansion direction a
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decreases. Thereby, the angle between the magnetization of
the reference layer and the magnetization of the measurement
layer changes correspondingly by the angle o=l¢,-o0l,
wherein ¢, 1s the angle without deformation of the membrane.
Since the resistance in magneto-resistive resistor elements
depends on the angle between the magnetization and the
reference layer and the measurement layer, the value R of
every 1ndividual resistor changes correspondingly by an
amount AR. By a dedicated connection to a bridge corre-
sponding to the embodiment shown 1n FIG. 35, all mentioned
advantages result, for example a compensation of tempera-
ture drift, wherein the full magnetic signal 1s available due to
the arrangement of the resistors.

Thus, 1n summary, 1t can be said that i this particular
embodiment, the easy direction of the measurement layer and
the magnetization of the reference layer are arranged below
45° to each other, which has the advantage that a rotation of
the easy axis in the measurement layer in relation to the
reference magnetization results, both with tensile stress and
with compressive stress. The case under tensile stress perpen-
dicular to the resistor elements 1s shown 1n FIG. 6b. The
magnetization of the measurement layer follows the tensile
stress (positive magnetostriction) and rotates from the 45°
direction to, for example, 20° 1n elements 1045 and 1044 or
70° 1n elements 1404q and 104¢, respectively. This means the
resistance decreases 1n the elements 104a and 104¢, since
here a higher parallel alignment exists between measurement
layer and reference layer, and increases 1n the elements 1044
and 104, since here a lower parallel alignment exists
between measurement layer and reference layer.

A correspondingly opposite behavior results when com-
pressive stress acts perpendicular to the elements, which can
be equated with an analog tensile stress along the elements.
Again, the easy axis of magnetization of the measurement
layer rotates along the tensile stress, and the effect 1s reversed.
IT 45° 1s selected as starting point, 1t will be possible to rotate
the magnetization by 45°1n the one or other direction, respec-
tively, under pressure and under tensile stress. Since the maxi-
mum swing, or angle rotation, respectively, that can be
obtained by stress, 1s 90°, there 1s a symmetrical operating
range for tensile stress and pressure in the case of a 45°
alignment. All angles unequal to 45° would limit the operat-
ing range, since the resistors would not change 1n an opposite
way, which would lead to a nonlinear bridge signal. In the
extreme case, e.g. 0°, the two elements 1045 and 1044 would
be no longer sensitive to the applied tensile stress. The full
bridge becomes a half bridge, with only half the sensitivity.
All angles between 0 and 45° allow a full bridge, but, as has
already been described above, only an arrangement with 45°
has a symmetrical operating point.

For improving sensor linearity, additional resistances can
be disposed at locations having different amounts of com-
pressive stresses.

In that regard, for example, FIG. 7 shows an embodiment
where additional sensor elements 134a-d are disposed 1n a
radially symmetric way to the center further inside on the
membrane 102. The inner sensor elements 134a-d are con-
nected to a bridge, like the external sensor elements 104a-d,
wherein the mnner bridge 1s implemented such that the same
still provide a contribution to the signal, even after saturation
of the external bridge elements at high pressures. FIG. 7
shows such a state, where the magnetizations of the magneti-
cally soft layer of the sensor elements 104a-d are already
adjusted in parallel to the expansion direction due to the high
pressure applied to the membrane 102, so that the sensor
clements 104a-d are already saturated. The sensor elements
134a-d are not yet saturated, due to their arrangement closer
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to the center, 1.e. at locations ol lower mechanical deforma-
tion, which can be detected 1n FIG. 7 due to the fact that the
magnetizations 108 of the magnetically soit layer of the sen-
sor elements 134a-d are not yet parallel to the expansion
direction, 1.e. have an angle unequal O. 5

Although the present embodiments have been described
with sensor elements having a positive magnetostriction, fur-
ther embodiments can also comprise sensor elements with
negative magnetostriction, wherein a correspondingly altered
magnetization of the magnetically hard layer and the mag- 10
netically soft layer 1s to be selected with regard to the expan-
s1on direction or arrangement of the measurement and refer-
ence resistor, respectively.

The mode of operation of the sensors with negative mag-
netostriction constant remains unaifected. In a full bridge, 15
only the changes of resistances of two bridge resistors are
exchanged, 1.e. the resistance getting higher with positive
materials, gets smaller with negative materials and vice versa.

In the half bridge, the reference resistor becomes a measure-
ment resistor and vice versa. Basically, there are no changes 20
in the directions of magnetization.

Further, in other embodiments, the sensors described 1n the
embodiments can be modified in that a negative extension, 1.¢.
magnetostriction, occurs at the location of sensor elements.
Thus, the sensor elements can be arranged both at locations 25
with positive expansion and at locations with negative expan-
$101.

Further, the preferred embodiments describe an applica-
tion of the sensor as pressure sensor, wherein the mechani-
cally deformable area 1s a membrane. However, the present 30
invention 1s not limited to such sensors, and can, for example,
also comprise an application for detecting accelerations, for
example, 1n that an acceleration or test mass 1s connected to
the substrate via thin ridges.

Preferably, the sensor elements described 1n the embodi- 35
ments are similar, 1.e. they have the same layer structure, the
same materials and the same form and thus the same magne-
tostriction coelficient. However, realizations are possible,
where different sensor elements are used with regard to the
above characteristics. 40

While this invention has been described in terms of several
preferred embodiments, there are alterations, permutations,
and equivalents, which fall within the scope of this invention.

It should also be noted that there are many alternative ways of
implementing the methods and compositions of the present 45
invention. It 1s therefore intended that the following appended
claims be interpreted as including all such alterations, permu-
tations, and equivalents as fall within the true spirit and scope

of the present invention.

What is claimed 1s: 50

1. A sensor, comprising;

a substrate;

a mechanically deformable area formed in the substrate;

and

a first magnetostrictive multilayer sensor element and a 55

second magnetostrictive multilayer sensor element,
cach arranged at least partly in the mechanically deform-
able area, wherein the first magnetostrictive multilayer
sensor element and the second magnetostrictive multi-
layer sensor element are connected to each other and 60
implemented such that, when generating a mechanical
deformation of the mechanically deformable area, (1)
the electric resistance of the first magnetostrictive mul-
tilayer sensor element changes 1n opposition to the elec-
tric resistance of the second magnetostrictive multilayer 65
sensor element, or (2) the electric resistance of the first
magnetostrictive multilayer sensor element remains

14

unchanged and the electric resistance of the second mag-
netostrictive multilayer sensor element changes,
wherein the first and second magnetostrictive multilayer
sensor elements are spin-valve sensor elements and a
magnetization of the magnetically hard layer of the first
sensor element and the second sensor element have the
same direction.

2. The sensor according to claim 1, wherein a magnetiza-
tion of the magnetically soft layer of the first sensor element
and the second sensor element point to the same direction
without mechanical deformation of the mechanically deform-
able area.

3. The sensor element according to claim 1, wherein the
magnetization ol the magnetically soft layer without
mechanical deformation of the mechanically deformable area
and an expansion direction, which would each result at the
location of the first and second sensor elements when a force
1s applied to the mechanically deformable area, each have an
angle of 45°, 90° or 135° for the first and second sensor
clements.

4. The sensor element according to claim 1, wherein an
angle between the magnetization of the magnetically soft
layer of the first sensor element without mechanical deforma-
tion of the mechanically deformable area and an expansion
direction, which would result at the location of the first sensor
clement when a force 1s applied to the mechanically deform-
able area, has a value o1 0° or 180°.

5. The sensor element according to claim 1, wherein, with-
out mechanical deformation of the mechanically deformable
area, the magnetization of the magnetically hard layer and the
magnetization of the magnetically soit layer of each of the
first sensor element and the second sensor element are
adjusted such that they have an angel of 45°, 90° or 135°.

6. The sensor element according to claim 1, wherein the
magnetization of the magnetically hard layer and an expan-
sion direction, which would result at the location of the first
and second sensor elements when a force 1s applied to the
mechanically deformable area, each have an angle 01 0°, 45°,
90°, 135° or 180° for the first and second sensor elements.

7. The sensor according to claim 1, wherein the first sensor
clement and the second sensor element have a positive mag-
netostriction coefficient.

8. The sensor according to claim 1, wherein the first sensor
clement and the second sensor element have a negative mag-
netostriction coetficient.

9. The sensor according to claim 1, wherein the mechani-
cally deformable area has a symmetry point, wherein the first
sensor element and the second sensor element have the same
distance from the symmetry point.

10. The sensor according to claim 1, wherein the mechani-
cally deformable area 1s implemented 1n a square or round
way, wherein the first sensor element 1s arranged along a first
portion of the mechanically deformable area, and the second
sensor element 1s arranged along a portion adjacent to the
portion of the mechanically deformable area.

11. The sensor according to claim 1, wherein the first
sensor element and the second sensor element are sensor
clements of a branch of a bridge circuat.

12. The sensor according to claim 11, whereimn a third
sensor element, which corresponds to the first sensor element,
and a fourth sensor element, which corresponds to the second
sensor element, are connected to each other in a further
branch of the bridge.

13. The sensor according to claim 11, wherein the resis-
tances of the sensor elements change differently within a
bridge branch under mechanical stress.
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14. The sensor according to claim 1, wherein a further
sensor element 1s located at a location 1n the mechanically
deformable area, which has a deformation when a force 1s
applied to the mechanically deformable area, which ditfers
from a deformation at the location of the first sensor element
or the second sensor element.

15. The sensor according to claim 14, wherein the
mechanically deformable area has a symmetry point, wherein
the further sensor element has a first distance to the symmetry
point, while the first and second sensor elements each have a
distance to the symmetry point differing from the first dis-
tance.

16. The sensor according to claim 14, wherein a plurality of
turther sensor elements are arranged in the mechanically
deformable area, wherein the plurality of further sensor ele-
ments are arranged at locations, which have a deformation,
when pressure 1s applied to the mechanically deformable
area, which differs from a deformation at the location of the
first sensor element and the second sensor element.

17. The sensor according to claim 16, wherein the plurality
of further sensor elements are connected to a bridge.

18. A method for producing a sensor, comprising:

generating a mechanically deformable area 1n a substrate;

generating a first magnetostrictive multilayer sensor ele-
ment and a second magnetostrictive multilayer sensor
clement, each at least partly in the mechanically deform-
able area, wherein the same are implemented such that,
when generating a mechanical deformation of the of the
mechanically deformable area, (1) the electric resistance
of the first magnetostrictive multilayer sensor element
changes 1n opposition to the electric resistance of the
second magnetostrictive multilayer sensor element, or
(2) the electric resistance of the first magnetostrictive
multilayer sensor element remains unchanged and the
clectric resistance of the second magnetostrictive mul-
tilayer sensor element changes, wherein the first and
second magnetostrictive multilayer sensor elements are
spin-valve sensor elements and a magnetization of the
magnetically hard layer of the first sensor element and
the second sensor element have the same direction; and

connecting the first magnetostrictive multilayer sensor ele-
ment and the second magnetostrictive multilayer sensor
clement.
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19. The method according to claim 18, wherein the step of
generating first and second magnetostrictive sensor elements
comprises generating first and second spin-valve sensor ele-
ments.

20. The method according to claim 19, wherein the step of
generating the first and second sensor elements comprises of
aligning the magnetization of the magnetically hard layer of
the first sensor element and the second sensor element in the
same direction.

21. The method according to claim 19, wherein the step of
generating the first and second sensor elements comprises
aligning, so that the magnetization of the magnetically soft
layer without mechanical deformation of the mechanical
deformable area and an expansion direction, which would
cach result at the location of the first and second sensor
clements when a force 1s applied to the mechanically deform-
able area, each have an angle o1 45°, 90° or 135° the first and
second sensor elements.

22. The method according to claim 19, wherein the step of
generating the first and second sensor elements comprises
aligning, so that an angle between the magnetization of the
magnetically soft layer of the first sensor element without
mechanically soft layer of the first sensor element without
mechanical deformation of the mechanically deformable area
and an expansion direction, which would result at the location
of the first sensor element when a force 1s applied to the
mechanically deformable area, has a value of 0° or 180°.

23. The method according to claim 19, wherein the step of
generating the first and second sensor element comprises
aligning, so that without mechanical deformation of the
mechanically deformable area, the magnetization (of the
magnetically hard layer and the magnetization of the mag-
netically soft layer of each of the first sensor element and the
second sensor element are adjusted such that they have and
angle of 45°, 90° or 135°.

24. The method according to claim 18, wherein the mag-
netization of the magnetically hard layer and an expansion
direction, which would result at the location of the first and
second sensor elements when a force i1s applied to the
mechanically deformable area, each have an angle of 0°, 45°,
90°, 135° or 180° for the first and second sensor elements.
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